Radio frequency energy transport is a viable technology to power small-sized sensors in wireless industrial sensor networks (WISNs). 60 GHz wireless communication emerges as one of the leading technologies for next generation wireless networks, and it can also be useful to build up WISNs. In this article, we investigate the efficiency of RF energy transport in WISNs with 60 GHz communications. We present a spherical antenna design with supported analytics on directional antennas in 60 GHz wireless communications. We introduce and solve the spherical distribution problem of directional antennas to maximize the energy transport efficiency in WISNs. The extensive simulations given in this article verify that the proposed antenna configuration performs much better than the existing solutions in WISN applications.
IntroductIon
Wireless RF energy transport is an important method to provide energy for small-sized devices. Generally, RF energy transmission includes far-field RF transmission, inductive RF energy transmission [1] , and non-radiative RF energy transmission [2] . In wireless sensor networks (WSNs) [3] , far-field RF energy transmission is used to power sensors. In this energy transmission scheme, there are two methods to get energy: the first one, referred to as RF energy harvesting, uses ambient RF energy as a power source, while the second (i.e., RF energy transport) uses a dedicated RF source to power sensors [4] . Since wireless industrial sensor networks (WISNs) are usually isolated from external radio waves, RF energy transport is a promising method of energy transmission in this particular environment [5] .
Numerous solutions have been proposed for wireless RF energy transport to power industrial sensors in WISNs [6, 7] . One of the simplest methods is to add an RF energy receiving module at each sensor for harvesting energy from wireless signals [8] . The drawback here is that energy efficiency is not high enough when using the same frequency for both energy transport and signal transmission. One of the most popular frequencies for energy transport is 915 MHz, while WiFi carrier frequency is 2.4 GHz. Since a single wireless module cannot support a broad range of operating frequencies, different antennas and modules may be needed to support these two different wireless applications at the same time.
A common approach is to divide the energy transport and signal transmission using different frequencies. In some commercial systems, a specific device for wireless RF energy transport is deployed within the coverage of a normal WiFi access point for sending energy to sensors. For example, in a typical battery-free sensor system, in addition to general wireless access points with omnidirectional antennas, a specifically designed energy transport device is deployed with one or more wide-beam directional panel antennas working at a frequency of 915 MHz [9] . Although it is convenient to separate frequency bands for energy transport and communications, the use of additional energy transport devices adds more cost to this solution. Another problem is that the access points may not be able to manage energy transporting directly in different network statuses.
A possible way to tackle this issue is to use the same frequency with a single device for both wireless communications and energy transport. As shown in several previously published works in the literature, the energy transport efficiency can be improved by optimizing the design of antenna beams to focus energy in wireless waves. Generally, multiple directional antennas perform better than omnidirectional antennas in RF directional energy transport. However, directional antennas need a higher frequency band for achieving improved energy transport efficiency. For instance, with general antennas and devices, wireless Ethernet uses 2.4 GHz and 5 GHz bands, which nevertheless are not good enough to produce directional wireless waves for RF energy transport.
Extremely high frequency wireless communications, especially 60 GHz communications, will play important roles in future industrial sensor networks [10] . Since the working frequency is extremely high, the sizes of antennas for 60 GHz communications become much smaller than general wireless communications with a better directivity. Furthermore, since it is difficult to work in non-line-of-sight (NLOS) environments in extremely high frequency wireless communications, existing 60 GHz networks usually use directional beam communications with optimization in radio wave reflections. In this environment, narrow-beam directional energy transport can perform better than omnidirectional or wide beam directional schemes. Therefore, in this work we focus on nar- In this article, we first discuss the issues on antenna design and energy transport efficiency with 60 GHz communication technology. We calculate the received energy with a horn antenna, which is a popular type of antennas working at 60 GHz band. Based on the discussions in this work, we show that it is possible to deploy horn antennas for both wireless communication and energy transport. For this purpose, we introduce a spherical antenna model to use multiple antennas distributed over a sphere to cover all sensors in a WISN. With this model, we formulate a problem aiming to minimize the transmitted energy to power all sensors in a given WISN. To solve this optimization problem, we introduce an equivalent model that simplifies the antenna configuration problem as an ellipse covering problem. After that, we compare the energy transport efficiency for directional 60 GHz RF energy transport against that for omnidirectional and general 915 MHz solutions.
The remainder of this article can be outlined as follows. The next section introduces a WISN environment and 60 GHz wireless communication technology. We then analyze the efficiency of RF energy transport with a single antenna. Following that, we try to obtain an optimal antenna distribution/configuration to maximize energy transport efficiency. Next, we evaluate RF energy transport performance through extensive simulations, followed by the conclusions given in the final section.
WIsns And 60 GHz communIcAtIons
In this section, first we would like to introduce the environment of WISNs. Then we discuss 60 GHz communication technologies.
WIsn
WISNs play important roles in implementation of factory automation involving a variety of applications (industrial process control, machine maintenance, etc.) [11] . For example, machine vision is an application of computer vision for industrial process control and WISNs, and it can replace I/O devices and control networks of machine vision. With the help of WISNs, machine vision can detect product defects to improve manufacturing quality.
To better understand a typical WISN, let us introduce an example, as shown in Fig. 1 . Similar to general sensor networks, an industrial sensor network includes three types of devices, namely sink nodes, aggregators, and sensors. The sensors collect information data from machines and environments, and then send data to aggregators. Usually, in a single machine, there are several sensors with one aggregator. To connect sensors and aggregators together, some popular wireless protocols (e.g., Zigbee, ISA-100.11a, WiFi, and Bluetooth) can be used in those devices. In addition to using normal battery or power grid, energy harvesting and transport solutions are widely used as supplemental energy sources.
Aggregators are usually used for collecting and buffering data from sensors, and transferring data to sink nodes. In some systems, these devices are equipped with larger storage space and more powerful processors than general sensors; while in other systems, aggregators and sensors have the same hardware settings. In the former type, the aggregators usually use high-performance networks for communications with the sink nodes; while in the latter, all devices use the same network protocol. As a result, with a larger supplement power, the aggregators in the former environment consume a larger amount of energy. Another important function of the aggregators is sensor management, in which sensing applications and modules are deployed through aggregators.
A sink node plays the role of a bridge between a control node and WISNs. Usually, a sink node has a stable energy supply from power grid, and has wired or stable wireless network connection with the terminals in a control room.
GHz communIcAtIons
60 GHz communications will be an important wireless technology in the next generation wireless communications. It uses 60 GHz band as carrier frequency to accommodate high-throughput wireless communications. 60 GHz band has many benefits, such as available and large channel capacity. In Japan, the Multimedia Mobile Access Communication (MMAC) committee is looking for solutions using the 60 GHz frequency to support ultra-high-speed wireless indoor LANs with a data rate of 150 Mb/s. Additionally, there is about 8 GHz bandwidth available to support different types of wireless communications [12] .
However, there are many challenges in 60 GHz implementations. One of them is that it is very difficult to use 60 GHz band for NLOS communications. Previous research works showed that 60 GHz wireless channels suffer 20 to 40 dB free space path loss and 15 to 30 dB/km atmospheric absorption attenuation, depending on atmospheric conditions. Another challenge is to find ways to design 60 GHz millimeter-wave transceivers due to increased phase noise, limited amplifier gain, and the need for transmission line modeling of circuitry components.
When WISNs are deployed inside a single building, it is not difficult to resolve the above challenges, where the communication distance is normally limited to tens of meters in WISNs. For relatively short distances to be covered in a WISN environment, 10 to 15 dB/km attenuation has no significant impact. Meanwhile, since most terminals have determinate positions, it is easy to use directional antennas to increase the signal strength with the good directionality of 60 GHz communications.
This means that 60 GHz communications can be used efficiently for short-range communications, such as data center networks. The works reported in the literature used directional 60 GHz communications to replace wired links on topof-rack (ToR) switches [13] . In such scenarios, directional 60 GHz communications can improve network performance significantly, and provide much better monitoring and controlling mechanisms than general wireless protocols.
rF EnErGy trAnsport In 60 GHz bAnd
In this section, we discuss the RF energy transport efficiency in 60 GHz communications. As shown in Fig. 2 and for simplicity of discussion, let us consider a single sink node with a 60 GHz directional antenna and a single wireless sensor with an RF energy receiving (harvesting) antenna, as shown in the figure.
Horn antennas are widely used directional antennas in microwave bands and offer high antenna gains. Major 60 GHz antenna manufacturers only produce the horn antenna for directional communications. Thus, we choose a standard 60 GHz WR-15 waveguide horn antenna, which is a popular antenna model for extremely high frequency wireless communications. We use G h to denote the antenna gain in dB, and f v and f h to denote the degrees of vertical and horizontal beamwidths. Then we calculate G h , f v , and f h with the given antenna. Since the size of the antenna used in WISNs is very small, within the distances of a factory building, the calculation of beamwidth and gain can be approximated to determine the flared flange dimension and wavelength. Let us use a to denote the size of the flared flange dimension (narrow), b to denote the size of the flared flange dimension (wide), and l to denote the wavelength. Thus, the gain can be calculated approximately as
Then we can go ahead to analyze energy propagation issue as follows. Let us use G r to denote the receiving antenna gain, r to denote the distance between a sink node and a sensor, P h to denote the transmitted power, and P r to denote the received power. For an energy transport pair in free space, the propagation issue is described by the Friis transmission equation. To simplify the calculation, assume that the energy is transported in free space. Using the Friis equation, we calculate the energy received by the sensor in dBW, which can be expressed as
Considering the directivity of a horn antenna, we also assume that each sensor is equipped with a similar horn antenna of smaller size. Thus, we can list some commercial models and calculate the energy transport performance with G r = 20 dBi, P h = 15 dBm, and r = 20 m, as shown in Table 1 .
From Table 1 , we can see that the received energy is related closely to the antenna design. In an RF energy transport system, each receiver requires enough power to charge its battery for maintaining its functions. In an RF energy transport system in the literature [13] , the battery can be charged if the received power is higher than 18 mW. Therefore, in our RF energy transport method, we set the required power to 18 mW, and choose to use the third model as the antenna of the sink node and the second model for the sensors.
AntEnnA dIstrIbutIon/conFIGurAtIon optImIzAtIon
In this section, we aim to distribute antennas in a sphere to cover all sensors in a factory building. Let us first introduce the model of the distribution scenario, and then discuss the reflections from 
spHErIcAl dIstrIbutIon oF AntEnnAs
Since the single directional antenna may not be able to cover all sensors in a WISN, we use multiple antennas on a sink node. As the horn antenna has a given surface area to constrain antenna distribution, a sphere can provide maximum surface area with a given distance from the sink node.
Thus, as shown in Fig. 3 , we designed an antenna sphere using horn antennas, and the flared flange of each antenna is distributed on the surface of the sphere. Thus, for easy connections with these antennas, it is convenient to place the sink node in the center of the sphere. As shown in Table 2 , we list all notations for easy reference. We use R h to denote the radius of the sphere, and put the center of the sphere in the origin, as shown in Fig. 3 . Let us use a set S to denote all sensors in the space, and s i to denote one sensor in S. For each sensor s i  S, we use (x i , y i , z i ) to denote its three-dimensional coordinates. We use a set A to denote all antennas, and a j to denote one antenna in A. For each antenna a j  A, a vector → a j is used to denote the beam direction. For every two antennas a j and a k , q vjk and q hjk are used to denote the vertical and horizontal components of the angle spanned by these two vectors.
For each sensor s i , P ri denotes the received power, and P i denotes the required power. Thus, to make the system work properly, the received power should be no less than the required power. For each antenna a j , we use → a vj and → a hj to denote the vertical and horizontal beam directions. With → a vj and → a hj , we define q hj to denote the angle between → a hj and X-axis, and q vj to denote the angle between → a hj and Y-axis. We define f hj and f vj to denote the degrees of the vertical and horizontal beamwidths. Thus, assuming
we use X ij  (0, 1) to describe the relationship between the antennas and sensors, given by 
where i  (1, |S|) and j  (1, |A|). With a value of X ij for sensor s i , we use P rij to denote the energy received from antenna a j . Therefore, the received energy is higher than the required energy P i as P i ≤ S j= 1 |A| X ij P rij .
rEFlEctIon
Since it is a bit difficult to use 60 GHz carrier for NLOS communications, we should find a way to transport energy to sensors behind obstacles. In some existing works [14] , one of the feasible methods is to use refection beamforming, where a sink node bounces its radio waves off from the ceiling to the sensors. This creates indirect lineof-sight (LOS) paths between the sink node and sensors, bypassing the obstacles such as machines or other heavy equipment.
Using ceiling reflections, beamforming will bypass obstacles in the horizontal plane, eliminating the problem for using 60 GHz carrier for NLOS communications. Since ceiling reflectors will cause little loss, it should create an indirect LOS path following the free-space energy propagation rule, which means that the received energy can be calculated by Eq. 1. Let us use r ij to denote the distance between sensor s i and antenna a j . Now, the problem is how to calculate the distance r ij with ceiling reflections. Since the single directional antenna may not be able to cover all sensors in a WISN, we use multiple antennas on a sink node. As the horn antenna has a given surface area to constrain antenna distribution, a sphere can provide maximum surface area with a given distance from the sink node.
For finding the distance between a sink node and sensors, we use a similar method as used in the light reflection analysis. Assume that the ceiling reflectors behave like mirrors, and we use the rules of light propagation to simulate wireless beams. Thus, we can use mirror images of a sensor, and for each sensor s i , the distance between the image and a sink node is the same as the distance r ij . We use h to denote the ceiling height. Therefore, assuming R << r ij , we can get the distance as
Another problem is how to determine whether the sensor s i  S is covered by the beam from antenna a i . Fortunately, it is relatively easy to calculate X ij using the mirror images.
problEm FormulAtIon And Its EquIvAlEnt modEl
Based on the above discussions on antenna configuration issues, we can now go ahead to define the distribution problem. Assume that each antenna transports the same amount of energy with the same size antenna with an objective to minimize the number of antennas to cover all sensors. Thus, we can have the antenna spherical distribution problem, which can be stated as follows.
Given a set of sensors and a sphere, the optimized antenna distribution problem attempts to distribute a minimal number of horn antennas on this sphere to transport the maximal amount of energy such that all sensors can be supplied with enough energy.
To analytically solve this optimized antenna distribution problem is not easy; thus, we find an equivalent problem with a simpler model. For each sensor s i , since R << r i , the problem can be equivalent to an ellipse covering points problem, where the ellipse covering problem attempts to put ellipses to cover the points on the sphere. The points are the projections of those sensors on the antenna sphere. The ellipses are the projections of wireless beams on the antenna sphere. If a point is covered by an ellipse, the projected sensor can receive energy from the energy-projecting antenna. The rectangles mean the size of antennas. When placing ellipses on the sphere, we should know that it is not allowed to generate overlapping areas between different antennas. For those sensors that need a larger amount of energy from multiple antennas, we can put more overlapping beams to cover it, which means that those sensors can receive a larger amount of energy from multiple antennas.
This equivalent problem is much simpler than the original antenna distribution problem, and we can use a strategy to solve this problem. Thus, next we should give the main procedures for solving the equivalent problem. First, we should find out which sensors need ceiling reflections inside a building, and calculate the positions of their images. Then we should project all those sensors to the surface of the sphere. The projection position of each sensor s i is the intersection of the line from s i to the center of the sphere and the surface of the sphere. Meanwhile, we also need to calculate the required transport energy for each sensor.
After having transformed to the ellipse covering problem, it is not hard to find a suitable method to solve this problem, as there are several methods available for solving ellipse covering problems. Considering the fact that the size of a beam area is not very large and the distribution of sensors is not very dense, we can design a quick covering strategy for this purpose. Let us try to cover the entire area with beams with minimal overlapping between them. Then the areas not covering any sensor should be removed in the process. Finally, we should add some more antennas for covering those sensors that need a larger amount of energy.
pErFormAncE EvAluAtIon And dIscussIons
In this section, we use computer simulations to evaluate the energy transport efficiency in 60 GHz band for WISNs. First, we introduce the simulation settings before discussing the results obtained from simulations-based experiments. We developed a Python script to simulate energy transport by horn antennas based on the horn antenna radiation pattern from MATLAB. Considering an industrial sensor network environment, we try to simulate a single factory with a lot of machines. We use a rectangular area as a workshop floor space with its size of 100  50 m 2 , and we set the height of the workshop area as 30 m. For modeling the machines, we also used some cuboids of different sizes. The length, width, and height of these cuboids are uniformly distributed from 1 to 4 m. In simulations, we generate 2 to 20 machines with different sizes inside the factory area. We place one aggregator and five sensors on each machine. For each sensor or aggregator, its position on a machine is selected randomly.
For a sink node, we use two positions for deploying an antenna sphere. In the first type, we place the sink node on the floor with a height of 7 m; in the second type, we place the sink node on the ceiling with a height of 27 m. The radius of the antenna sphere is 0.35 m. Thus, we choose to use a WR-15 waveguide horn antenna with its flared flange dimension sizes of 30 and 15 mm. The gain of this antenna is 24 dBi, vertical beamwidth is 10°, and horizontal beamwidth is 7.5°. We set the output power P h per antenna as 15 dBm.
For comparison purposes, we also define the settings for two different antennas as follows.
60 GHz Omnidirectional Antenna: We place a WR-15 omnidirectional antenna in the factory to transport energy for all sensors. The gain of this antenna is set to 0 dBi, as shown in Table 1 . Since it is very hard to use this antenna for energy transport, we assume that this antenna can cover all sensors in the free space.
60 GHz Sector Training: Sector training equally divides the antenna coverage into sectors and focuses antenna gain in a certain sector [15] . Training also sweeps the transmit's sector in different directions for covering all sensors. We also used the same WR-15 omnidirectional antenna and set the number of sectors as 32, which is a typical number of access points. We also assume that the sector sweeping is done according to the number of sensors in each sector, and the energy consumption in sector training and sweeping is negligible.
915 MHz Directional Panel Antenna: We place nine high gain directional panel antennas in the factory area to transport energy for all sensors. The gain of this antenna is set to 15 dBi. Both horizontal and vertical beamwidths of each panel antenna are 40°. Considering the fact that better performance of NLOS communications can be achieved using 915 MHz than using 60 GHz, we also assume that the energy is transported in the free space. With the same antenna size as that in 60 GHz, the gain of the 915 MHz receiving antenna is set to 2 dBi.
Then we measure the total amount of energy transmitted by all antennas with different sensor densities. We set the number of machines from 2 to 20, and measure the total amount of energy transmitted by the sink node. We run each simulation 20 times and get the average and standard deviation values. The lowest required power per sensor is set to 18 mW or -17.4473 dBm.
As shown in Fig. 4a , for covering all sensors in a WISN, when the number of sensors is less than 80, we found that the total amount of transmitted power with 60 GHz directional antennas is less than the other solutions. The 60 GHz energy transport solution with an omnidirectional antenna performs the worst. When the number of sensors becomes more than 80, the directional antennas solution performs almost the same as the sector training solution. Since we used dBm as the unit of the results, the difference in energy cost between the three solutions is significant, especially when the number of sensors is less than 40.
As shown in Fig. 4b , when we choose the positions to place antennas on the ceiling, the energy transport efficiency with directional antennas is much higher than low antenna placing positions. When the number of sensors is less than 40, the transmitted power from directional antennas is less than 40 dBm, which means that the total power is less than 10 W. Since the average distance is farther than the low antenna position settings, the other two solutions performed much worse than the directional antennas solution. When the number of sensors becomes larger than 40, the directional antenna solution performs worse than the sector training solution. When the number of sensors increases to 80, the traditional 915 MHz solution performs better than the directional one.
From the simulation results, after directional antenna distribution optimization, the energy transport efficiency in 60 GHz band is much higher than traditional ways with a relatively low sensor density. When the sensor distribution density becomes higher, covering a given WISN requires more antennas for energy transport. Meanwhile, as an emerging technology, the sector training solution also has good performance with a longer distance and a higher sensor density. As the number of sensors in a typical WISN is limited in a given factory room space, the 60 GHz energy transport technology is a feasible solution for WISNs with the proposed spherical antenna distribution.
conclusIons 60 GHz wireless communication, with its large potential capacity, will be an important technology for the next generation WISNs. Due to its good directivity, RF energy transport in 60 GHz is viewed as a feasible solution for powering sensors in WISNs. Based on the analysis on RF energy transport efficiency in 60 GHz with different antennas, this work proposes a spherical antenna distribution scheme with directional horn antennas to cover more sensors. We formulate a distribution problem, and then simplify it using an equivalent model to solve it. For performance evaluation, we compare the energy efficiency of the proposed RF energy transport method with general 60 GHz and 915 MHz solutions. The results show that the proposed energy transport scheme performs much better than traditional approaches with a given density of sensors in WISNs.
As an emerging technology, the sector training solution has good performance with a longer distance and a higher sensor density. As the number of sensors in a typical WISN is limited in a given factory room space, the 60 GHz energy transport technology is a feasible solution for WISNs with the proposed spherical antenna distribution. Due to its good directivity, RF energy transport in 60 GHz is viewed as a feasible solution for powering sensors in WISNs. Based on the analysis on RF energy transport efficiency in 60 GHz with different antennas, this work proposes a spherical antenna distribution scheme with directional horn antennas to cover more sensors.
